Channel and non-channel forms of gramicidin A (GA) were studied by ESR in various lipid environments using new mono-and double-spin labeled compounds. For GA channels we demonstrate here how Pulse Dipolar ESR can be used to determine the orientation of the membrane-traversing molecule relative to the membrane normal and to study subtle effects of lipid environment on the interspin distance in the spin labeled gramicidin channel. To study non channel forms of gramicidin, Pulse Dipolar ESR was used first to determine interspin distances corresponding to monomers and double helical dimers of spin labeled GA molecules in the organic solvents trifluoroethanol and octanol. The same distances were then observed in membranes. Since detection of non-channel forms in the membrane is complicated by aggregation, we suppressed any dipolar spectra from intermolecular interspin distances arising from the aggregates by using double-labeled GA in a mixture with excess unlabeled GA. In hydrophobic mismatching lipids (L β phase of DPPC) gramicidin channels dissociate into free monomers. The backbone structure of the monomeric form is similar to a monomeric unit of the channel dimer. In addition to channels and monomers the double helical conformation of gramicidin is present in some membrane environments. In the gel phase of saturated phosphatidylcholines the fraction of double helices increases in the following order: DLPC<DMPC<DSPC<DPPC. The equilibrium DHD/monomer ratio in DPPC was determined. In membranes the double helical form is present only in aggregates. In addition, we studied the effect of N-terminal substitution in the GA molecule upon channel formation. This work demonstrates how Pulsed Dipolar ESR may be utilized to study complex equilibria of peptides in membranes.
INTRODUCTION
Membrane proteins make up approximately one-third of known proteins. In cells membrane proteins and peptides are responsible for a variety of important functions, such as transport of ions and molecules across the membrane, membrane fusion, signaling, antibiotic activity etc. Despite their abundance and importance the information on the structure and behavior of membrane proteins and peptides is limited compared to water soluble proteins. Since crystallization of membrane proteins or membrane protein complexes is still challenging, and resolving the structure even of a relatively small membrane protein by NMR is often complicated, alternative spectroscopic techniques, like fluorescence and ESR are often indispensible for their study.
Pulse Dipolar ESR spectroscopy 1 in combination with site-directed spin labeling (SDSL) 2 has emerged as a powerful method for studying the structure and conformational dynamics of proteins 3, 4 . The "triangulation" approach to protein mapping 1, 4 is based on obtaining a network of distance constraints from a set of spin-labeled sites such that they uniquely define the coordinates of all (or most) of the sites. At the same time, complementary studies using CW EPR can provide information on molecular motion and conformational dynamics at conditions relevant to protein or peptide function [5] [6] [7] [8] [9] [10] [11] . Gramicidin channels have served as prototypical channels in the development of many physical approaches towards understanding channel or membrane protein structure and function 12, 13 . While gramicidin is readily available and this relatively small molecule can be easily chemically modified, the gramicidin channels have the structural and functional features expected for more complex membrane proteins 13 . This includes conformational polymorphism 14 . In our present study, using gramicidin as an example of such a "mini protein", we demonstrate the advantages of simultaneous application of several ESR techniques to assign the multiple conformational states.
Gramicidins are a family of linear hydrophobic pentadecapeptide antibiotics produced by the soil bacterium Bacillus brevis during sporulation 15 . The primary interest in gramicidin lies in the ability of the peptide to form ion channels in lipid membranes in its head-to-head dimer (HHD) conformation 13 . The gramicidin channel specifically conducts monovalent cations. The gramicidin sequence consists of alternating L-and D-amino acids 16 ( fig. 1 ). This pattern allows gramicidin to adopt conformations which cannot exist in an all Lpeptide. It folds as a β-helix with the side chains projecting from the exterior surface of a cylindrical tube formed by the peptide backbone 13 . Since many such folding patterns are possible, this leads to its conformational polymorphism 14 . Gramicidin can adopt a number of conformations depending on the environment. In organic solvents gramicidin can take at least seven double helical (DH) structures with different helical pitch, stagger and orientation 13, 14, 17 . Some of these structures were resolved by X-ray diffraction or NMR: the ππ 5.6 left-handed antiparallel DH structure crystallized from ethanol, PDB:1ALZ 18, 19 ; the ππ 7.2 right-handed antiparallel DH structure crystallized from CsCl/methanol or from acetic acid, PDB:1AV2 20 ; the ππ 5.7 left-handed parallel DH structure crystallized from CaCl 2 /methanol, PDB: 1MIC 21; the ππ 6.4 left-handed antiparallel DH structure from KSCN/methanol, PDB:1GMK 22 . The spin-labeled versions of some of these structures appear in Fig. 3 .
Despite this remarkable conformational polymorphism of DH structures in organic solvents, in matching lipid bilayer membranes or in bilayer-like environments the predominant conformation of the GA molecule is not double helical, but a head-to-head dimer (HHD). It is an antiparallel formyl-NH-terminal-to-formyl-NH-terminal dimer [23] [24] [25] formed by righthanded, β 6.3 -helical subunits, which are held together by six intermolecular hydrogen bonds, PDB:1MAG. The exclusion of tryptophan residues from the lipid bilayer and their propensity to locate at the membrane interface is seen as an important factor stabilizing HHD compared to DH in the bilayer 13, 26 . It has been shown that replacement of tryptophan residues by phenylalanines or their chemical modification causes an increase in the fraction of non-channel forms in the membrane. Similar effects were observed in mismatching lipids, with the lipid bilayer thickness substantially larger than the HHD length, so that tryptophan residues on the opposite sides of the dimer cannot be easily located at the interfaces of each membrane leaflet 14, 27, 28 .
In our earlier study 29 we used spin-labeling ESR to detect the formation and dissociation of the gramicidin channel in response to changes in the lipid environment, in particular to hydrophobic mismatch between the bilayer thickness and the length of the gramicidin channel. Variation of the bilayer thickness, as in a series of lipids or as a result of a phase transition in the same lipid, manifests itself in emergence/disappearance of distinct spin pairs with a well-resolved dipolar ESR signal as well as some effects in the CW ESR spectra indicative of channel formation/dissociation, see also 30 . Pulse Dipolar ESR enables us to detect subtle effects of lipid environment on gramicidin channels, and to clearly distinguish the different GA species. In this work we continue our study of the gramicidin channel using spin labeled gramicidin derivatives. Our objective is to describe the physical chemistry associated with equilibria amongst the various GA species that exist within the membrane.
One of the important issues we address is the nature of non-channel forms of gramicidin, which are less well studied in the membrane environment than the channel form. Evidently, free GA monomers can exist in a membrane environment 31 . Traditionally, the kinetics of channel formation studied by single-channel conductance is described in terms of a monomer/dimer equilibrium [32] [33] [34] . On the other hand, most studies of the equilibrium of gramicidin conformers in the membrane upon changes in the membrane composition 35, 36 do not discuss the possible presence of monomers. Though the fraction of free monomers is usually insignificant, as follows from the values of dimerization constants in most fluid phases 32, 33, 37 , it could increase with the change in the membrane composition or in the gel phase. Moreover, there are indications that GA monomers participate in the interconversion of different dimer forms of GA 28 . Possible conformation/aggregation states of GA in the membrane environment and the equilibria that could exist between them are shown in fig. 2 .
In this study we demonstrate how ESR spectroscopy can simultaneously monitor various forms of spin-labeled gramicidin molecules, monomers and dimers, in the membrane environment. Pulse Dipolar ESR offers a unique opportunity to study the conformation of spin-labeled peptides and proteins 8 using distances between spin labels introduced at chosen positions. In our previous work 29 we detected the Pulsed Dipolar ESR spectrum for the channel form (HHD) and measured the corresponding interspin distance. At that time, we showed that, in the L β phase of DPPC, GASL is not grouped in isolated pairs with a well-defined interspin distance, but shows signs of aggregation instead. This evidence of aggregation is consistent with an AFM study on supported saturated phosphatidylcholines in the gel phase 38 . This AFM study also detected aggregation and suggested a basic aggregation unit, most probably a hexamer of GA, which can be observed even at low GA concentrations. The assumption that HHD exist mainly as separate entities, whereas the nonchannel forms of gramicidin aggregate, could resolve the controversy between the data of AFM microscopy in the gel phase and the data of other methods, obtained mainly for the fluid phase [39] [40] [41] .
However, an exact assignment of the aggregating non-channel form of spin labeled GA at these conditions could present a challenge for Pulse Dipolar ESR. The dipolar spectrum under conditions of aggregation will be unresolved and weakened by multiple interactions between electron spins at various distances existing in the aggregate. In this case a different approach should be used. Instead of measuring the distance between spin labels attached at the same position on both GA molecules in the dimer, we spin labeled two different sites on the same gramicidin molecule. The distance between the two intra-molecular spin labels is used as a fingerprint of a particular conformer (Fig. 3) . A change in the distance indicates a change in the conformational state of the gramicidin molecule itself in the membrane. To exclude interactions between spin labels on different monomers of the same dimer or different dimers (in the case of aggregation), the initial double spin-labeled gramicidin was mixed with excess unlabeled gramicidin.
In addition to double labeled GA, we synthesized and studied by CW and Pulse Dipolar ESR a number of mono-labeled gramicidin derivatives. They allowed us to first assign the gramicidin conformation in octanol, in order to better interpret the results obtained with double labeled GA in membranes, and to understand the effect of the N-terminal substitution in the GA molecule on channel formation.
MATERIALS AND METHODS

Materials
All lipids were obtained from Avanti Polar Lipids, Inc. (Birmingham, AL), the spin labels 2,2,5,5 -tetramethyl -3 -pyrrolin -1 -oxyl -3 -carboxylic acid and 3-(2-Iodoacetamido)-PROXYL, cesium carbonate and solvents were purchased from Sigma (St. Louis, MO); Gramicidin, DMAP (4-dimethylamino pyridine), DCC (N, N′ -Dicyclohexylcarbodiimide), were purchased from Fluka. Gramicidin C and gramicidin C free gramicidin A were obtained as described by 42 . C-terminus spin labeled gramicidin A (GASL) was synthesized as in 29 and additionally purified by preparative TLC.
Synthesis of new spin-labeled gramicidin derivatives
All chemical modifications of gramicidins A or C used this work are shown in Fig. 1 . The detailed procedures for their synthesis and are given in Supporting Information.
Sample preparation
Sample preparation for multilamellar vesicles and ISDU aligned membranes is described in 29
Preparation of aligned membranes by evaporation-10 μl of 100 mg/ml chloroform solution of lipid/GALN mixture (100:1 molar ratio) was uniformly spread over a 4×20 mm glass slide. The glass slide was dried in a horizontal position in a stream of dry nitrogen to obtain a layer of dry lipid uniformly distributed over the layer. The lipid mixture was then hydrated at 100% humidity and 45°C for an hour and put into hermetically sealed standard ESR tube with a piece of water-soaked tissue paper outside of the sample area.
CW ESR measurements
ESR spectra were recorded on a Bruker EMX spectrometer at a frequency of 9.55 GHz under standard conditions. The field sweeps were calibrated with a Bruker ER 035 gaussmeter. The microwave frequency was monitored with a frequency counter. Dry nitrogen gas flow under the control of a Varian temperature controller was used to stabilize the temperature.
Pulse Dipolar ESR
Four-pulse DEER experiments were conducted at 60 K as described in 43 using a home-built Ku-band (17.35 GHz) pulse ESR spectrometer set to operate in a dual-amplifier DEER configuration or a single-amplifier mode. The data analysis was based on the L-curve Tikhonov regularization method to reconstruct distances 44 . In general, our results showed narrow distributions (except in organic solvents) enabling accurate assessments of most probable distances (i.e. the maximum of each distance distribution). Typical uncertainties in these distances are ±0.5Å.
Theoretical estimates of interspin distances for different conformations of spin-labeled gramicidin molecules were made by the HYPERCHEM 7.5 program based on the corresponding PDB structures. After the addition of the nitroxide fragment the geometry optimization was carried out using the Molecular Mechanics Method (MM+)
RESULTS AND DISCUSSION
Spin labeled derivatives of gramicidin in octanol and trifluoroethanol
We first obtained resolved Pulse Dipolar spectra from one of the DH structures in an organic glass. A variety of double helical (pore) structures are known for gramicidin in different organic solvents 14 . Individual (and different) X-ray 18, 21, 22, 45 and NMR 46-48 structures were obtained for GA from ethanol, methanol, propanol, acetic acid etc. In a wide range of organic solvents and concentrations, under ion-free conditions, four double helical conformations exist in equilibrium with each other as noted in Introduction. The transition between the conformations is relatively slow. In dioxane, for example, the four species can be separated chromatographically, but on standing will convert back to the equilibrium mixture 17 . O'Boyle and Wallace 49 showed that in octanol gramicidin A exists predominantly in the form of the left-handed antiparallel double-helix (PDB:1ALZ; cf. Conveniently for low temperature ESR, octanol forms a good glass, and it has been traditionally used as a model for a membrane environment 50 . Pulse Dipolar ESR shows, for GASL in octanol, a resolved dipolar spectrum with an interspin distance of ~ 30.4Å (Table  1) . Molecular mechanics (MM) calculations based on the ππ 5.6 left-handed antiparallel structure ( 18 ; also referred as 1ALZ) which is assumed predominant (~ 90%) in octanol 49 , are in good accord with this distance. That is for the 1ALZ structure one predicts 31.2 Å between nitroxide nitrogens and 33.4 Å between corresponding oxygens (see Supporting Information, Supplement Fig. 1 ). Unfortunately this interspin distance is very close to the value obtained for the HHD channel form of GASL in DMPC 29 . This similarity of the distances indicates that spin labeled gramicidin compounds other than GASL are necessary to distinguish the DH form from the HHD form based on their interspin distances.
Interspin distances measured in octanol for a number of gramicidin derivatives are shown in Table 1 . Although for some spin labeled gramicidin derivatives the measured distance may match several possible conformers, only the ππ 5.6 antiparallel structure (1ALZ) is generally consistent with all distances determined for all spin labeling positions. For double-labeled gramicidin the distance corresponds to two spin labels on the same gramicidin molecule and was measured for a 1:20 mixture of labeled compound and unlabeled gramicidin. For single labeled gramicidin derivatives the distance given in the Table was measured between spin labels on different gramicidin molecules in the dimeric structure. For double labeled GADL, Table 1 also shows the interspin distance in trifluoroethanol (TFE), a solvent in which gramicidin assumed to be exclusively in monomeric form [51] [52] [53] .
GADL in TFE shows a single interspin distance of 20 Å. This distance is exactly the same as to estimates for a GADL in a HHD (Fig 3A) , and to the predominant distance observed for GADL in a variety of lipid phases (see below). A single folded conformation, most likely β 6.3 left-handed monomer, was previously suggested for GA in solutions of TFE and DMSO 53 or for the trace GA amounts present in water 54 . (For DMSO, however, this coiled conformation is reported in rapid equilibrium with the disordered state having local randomcoil character 55 ). Thus we conclude that the observed interspin distance of 20 Å in TFE is consistent with a single β 6.3 left-handed monomeric backbone conformation similar to half of a HHD.
GASL in the channel form: orientation of the interspin vector relative to the membrane normal
The channel form of gramicidin has been previously detected and studied by ESR in lipid model membranes using GASL 29 . GASL in the gel phase of DMPC (but not DPPC) showed a well resolved dipolar spectrum from spin pairs. In vesicles it translates into a Pake doublet, which represents a sum of the dipolar splitting 2D = 2D 0 (3cos 2 θ − 1), where , over all orientations, θ of the interspin distance relative to B 0 with appropriate weighting factors. In aligned membranes with the membrane normal parallel to B 0 (corresponding to Ψ=0, cf. fig. 4 ) one expects a dipolar spectrum from a single orientation of the interspin vector relative to B 0 with splitting D = D 0 (1−3cos 2 φ), where φ is the angle between the interspin vector and the membrane normal. For other orientations Ψ of the membrane normal relative to the magnetic field, there is partial averaging, which depends on φ. However, for φ=0, one will again observe just a single orientations which is θ=Ψ. In the case of Ψ=90° the dipolar splitting will be exactly half of the splitting in the Ψ=0°o rientation. For the other values of φ the dipolar spectrum will be a superposition of orientations lying in the range between Ψ+ φ and Ψ−φ ( fig. 4) , so that the spectrum for orientations other than Ψ=0° will be broadened and its peak-to-peak width for Ψ= 0° will be less than the double width for Ψ=0° 56 . Since for GASL in the aligned DMPC ( fig. 4 ) membrane the Ψ=0° orientation shows a dipolar splitting which is exactly double of that observed for Ψ=90°, the direction of the interspin vector in this case should be very close to the membrane normal. We also point out the absence of noticeable line broadening for the Ψ=90° orientation compared to Ψ=0°, consistent with the conclusion that φ=0°.
Effect of lipid environment on the interspin distance in the GASL channel
Previously we found some variation in interspin distance observed for the channel form of GASL depending on the lipid phase 29 . In the present work we carried out a more systematic study of this matter. Table 2 shows the interspin distances for several hydrophobic matching and mismatching lipids (i.e. length or "thickness" relative to GA channel). One can see that this distance varies by nearly 3Å with longer distances observed in thicker bilayers. Given the high accuracy of Pulse Dipolar ESR in these cases (i.e. ±0.5Å uncertainty cf. Methods Section, 29 compare for example with 57 ) this difference is significant. It is very likely that this variation reflects the response of the channel itself to the stress imposed by the rigid environment in the gel phase of mismatching lipids, but we cannot completely rule out that it is due to a different tilt of the nitroxide tethers towards the membrane surface, GASL in DMPC, DLPC and di-decanoyl-PC show within measurement error the same local polarity (2A zz at 77K is 67.6, 67.4 and 67.6G) which corresponds to a non-polar environment. If nitroxides of the spin labeled channel form had a tendency to locate at the membrane interface, they would report higher polarity in the bilayer of short-chain di-decanoyl-PC. Moreover, the same value of the local polarity for these three lipids points at the same position of the nitroxide relative to the neighboring lipid molecules. It is known that anchoring tryptophans which have a specific affinity for a well-defined site near the lipid carbonyl region 13, 26, 58 is an important factor for gramicidin channel stability. While channels can adjust to positive or negative hydrophobic mismatch, they cause thinning or thickening of the bilayer in their vicinity 59, 60 by applying pressure on the lipid bilayer through these anchoring points. The spin label of GASL is attached above the pressure point. It should have the same depth position between tryptophan-anchoring carbonyls and phosphate groups in the boundary lipid and should directly report, via the interspin distance, the distance between anchoring tryptophans on the different ends of HHD.
Although the helical pitch of the channel form of GA has been shown to be the same in different lipids 61 (4.7±0.2 Å/turn), our precision in distance measurements may allow us to observe subtle effects of lipid-induced deformation. Intuitively it seems logical that the gramicidin-induced force, which causes deformation of the lipid bilayer, implies lipidpeptide counterforce which induces some deformation of the channel. It has been widely accepted that transmembrane peptides are rigid and lipids are more flexible so that effect of this counterforce is negligible 62 . However, recent 2 H-NMR results revisit this topic. Long WALP and KALP peptides are shown to adapt themselves to mismatching thin lipid bilayers by introducing a kink into the membrane-spanning helix 63 . Whereas the protein backbone appears to be insensitive to the lipid bilayer in the fluid phase, which is 10 2 -10 3 times softer than the embedded proteins 64 , in the gel phase the situation can be different. In our case GASL responds to the deformation caused by hydrophobic mismatch in the gel phase of DPPC by gradual dissociation of existing channels 30 . Also, compared to many other spectroscopic studies of lipid/gramicidin interactions 36,59,61 , our Pulse Dipolar ESR experiments correspond to very high ratios of lipid/peptide, so channels exist as distinct entities surrounded by lipid bilayer at its usual thickness. Therefore, the counterforce imposed by the lipids on the peptide is not mitigated by effects of the network of channels, which tend to cause thinning of the bilayer.
Detection of channel and non-channel forms of gramicidin in membranes for other spin labeled gramicidin derivatives
The new gramicidin derivatives (i.e. those except for GASL) are expected to vary in their channel-forming potency (see below), but as shown below, are still able to form HHD at some conditions in matching membrane environments. In general, C-terminal spin-labeled derivatives of gramicidin (GASL and N-benzoyl GASL) in matching lipids give wellresolved dipolar spectra and show a well-resolved Pake doublet pattern in the frequency domain. The interspin distance determined from the splitting of this pattern varies in different lipid phases within an interval of 29-31Å.
As in GASL, the spin-label of TyrLGC does not directly affect the N-terminus of the gramicidin molecule and allows HHD formation. Furthermore, the spin-labeling position should leave the whole channel function intact, as for dansyl-gramicidin C, which was labeled with a fluorescent label at the same position and used for a simultaneous conductivity and fluorescence study 40 . The behavior of TyrLGC in membranes is very similar to GASL 29 , although, due to the longer nitroxide tethers the distance distribution is broader. Similar to GASL, for matching lipids (DLPC, DMPC) the reporter nitroxide group for the channel form shows lower polarity of the local environment, with higher polarity for mismatching DPPC and DSPC (see Supporting Information, Supplement Fig. 2) . Also, in DPPC, with TyrLGC in the non-channel form, the Z axis of the magnetic tensors preferentially aligns parallel to the membrane normal, whereas for DMPC this Z-ordering is somehow distorted (Supporting Information, Supplement Fig. 3 , compare to 29, 30 ).
As an important advantage of TyrLGC compared to GASL is that the expected interspin distance in the DH conformation is substantially different from that of the HHD. As seen from Table 1 , there is almost no difference between the interspin distances in the two conformations for GASL. Hence, one cannot completely rule out a possibility that the dipolar signal of GASL HHDs contains a fraction from double helices, which complicates the exact determination of the interspin distance for the HHD form. The dipolar spectrum from TyrLGC, however, also shows only one detectable signal in channel-forming lipids and no distinct spin pairs in DPPC and DSPC. The interspin distance for the signal is 35Å in DMPC and 36.5Å in DPPC quenched after a 10 min exposure at 40°C, consistent with the channel form (see Tab. 1). Pulse ESR detects no interspin distance in the range expected for DHD.
For two other studied spin labeled derivatives of gramicidin, GALN and GADL, the spin label is attached to the N-terminal end of the peptide molecule. The N-terminus of the GA molecule is directly involved in HHD formation (cf. Figs 1 and 2) . Replacing the N-terminal formyl group of GA by a BOC group (di-tert-butyl dicarbonate) has been shown 31 to destabilize the dimeric channel compared with GA by 5-orders-of-magnitude. Even a simple formyl/acetyl substitution at the N-terminal end of the gramicidin molecule decreases the mean channel lifetime by a factor of 56 65 . Double-labeled GADL and mono-labeled GALN have a bulky spin label at the N-terminal end. One can expect (and, indeed, observes) a substantial reduction in K D for GADL and GALN with a shift of the equilibrium to favor monomers. For a detailed discussion on the effects of replacing the N-terminal formyl in GA by a nitroxide (GALN) or a benzoyl group (N-benzoyl-(desformyl)-gramicidin and Nbenzoyl-(desformyl)-GASL) see Supporting Information. Nevertheless, if the channel formation occurs, it should bring the N-terminal spin labels close together (see GALN in Tab. 1), and this could be easily detected by dipolar broadening in the CW ESR spectrum. Fig. 5 shows CW spectra of GALN in DLPC, DMPC and DPPC at 77K. Indeed, in DLPC, GALN shows a broad feature which can be assigned to the HHD form. This means that blocking the N-terminus with the spin label does not completely impair HHD formation.
Rigid biradicals in disordered systems yield a broad ESR signal, which is a superposition of signals from all the orientations of the interspin vector relative to the external magnetic field B 0 . However aligned samples afford greater resolution. Fig. 6 shows angular-dependent CW spectra of GALN in DLPC membrane aligned by the evaporation method at room temperature. Although an exact assignment of spectral lines is complicated, a simple inspection of the spectrum indicates a splitting picture typical for an ordered rigid biradical; (compare for example with the TEMPAD biradical 66 which has an interspin distance of 8 .5 Å). If B 0 is directed parallel to the aligned membrane normal, one sees a single orientation of the interspin vector relative to B 0 and therefore a well-resolved spectrum. If the interspin vector is not perpendicular to the membrane, other orientations of the membrane relative to B 0 would show less resolved spectra, (cf. fig. 6 ). They will be a superposition of different dipolar orientations vs. B 0 , since gramicidin molecules can freely rotate in the membrane plane. The number of orientations participating in the superposition and their weight factors will depend on the angular orientation of the membrane relative to B 0 and the angle between the membrane normal and the interspin vector (cf. fig 4) . GADL has two spin labels in the molecule at both the N-and C-termini (cf. Fig. 1 ). Fig. 7 shows spectra of GASL, GALN and GADL in the aligned DPPC membrane. Spin labels at the C-terminus of GASL and N-terminus of GALN both show good Z-ordering. One can also see that the spectrum of GADL can, in general, be approximately described as a superposition of spectra for GALN and GASL.
In DLPC, GADL forms HHDs similar to GALN; their formation also manifests itself in vesicles at 77K in a broad signal (not shown). As expected, since spin labels at the C-termini do not form close couples and should contribute a resolved rigid limit component to the spectrum, the fraction of the broad signal for GADL is approximately half the fraction for GALN. In contrast to DLPC, in DMPC vesicles GALN and GADL show insignificant, if any fraction of a broad signal as discussed above. This difference can be explained by hydrophobic mismatch between the DMPC bilayer and the channel length, which is sufficient to prevent formation of sterically-hindered GALN channels.
However, with further increase of the bilayer thickness, in DPPC and DSPC, GADL, but not GALN shows again substantial fraction of a broad singlet-like signal. This broad signal also disappears upon dilution with unlabeled GD. Since the signal does not appear for GALN, it cannot be explained by the proximity of N-terminal spin labels of different monomers in the channel form. We attribute this signal to a fraction of double helices. Fig. 8 shows Pulse Dipolar spectra of 0.1% GADL + 1.9% unlabeled GD in DPPC and DLPC. One can clearly see two components, which correspond to two different conformations of GADL. The interspin distance for the main fraction (20.0Å) is the same in both lipid phases. It also exactly coincides with the distance observed for the monomeric state in TFE. Yet, as discussed above, GADL in DLPC readily forms channel dimers, while the hydrophobic mismatch in DPPC destabilizes channels not only for sterically hindered GADL, but also for GASL having unblocked N-termini 29, 30 . The same interspin distance for these different lipid phases likely indicates similarity in the backbone structure of halves of HHD (DLPC) and free monomers (DPPC). This similarity between the monomeric closed state of GA and a half of HHD was previously suggested from circular dichroism and X-ray in-plane scattering studies for Boc-GA (tert-butoxycarbonyl-GA) 31 . Double helices (31.6Å, as observed in octanol) are a minor component with the fraction changing in the saturated lipid series in the following order:
DLPC<DMPC<DSPC<DPPC. The distance distributions P(r) for GADL obtained for different lipid environments, saturated and unsaturated, are shown in Fig. 9 . Consistent with previous observations 35 , a measurable fraction of double helices is detectable by Pulse Dipolar ESR in unsaturated lipids phases, such as DOPC and egg yolk lecithin.
HHD/DH/monomers equilibrium
Now that we have shown how Pulse Dipolar ESR in combination with the several spinlabeled gramicidin derivatives enables us to distinguish the different conformers, we address the issue of equilibria amongst them. It has been shown in the literature 51, 67, 68 , etc. that a substantial fraction of DH's in some lipid environments (e.g. DMPC) example) may not be in equilibrium due to slow conversion of DH's introduced from some organic solvents into HHD's. It also has been shown that using trifluoroethanol as a cosolubilization solvent yields the β 6.3 -helical conformation (HHD or monomers), while incorporation from CHCl 3 / methanol mixtures gives a non-equilibrium mixture of HHD and DH conformations. Upon long incubation at 60° or sonication the system reaches equilibrium, which favors HHD's 67, 68 . On the other hand, in some lipid environment a fraction of DH's is assumed to be in equilibrium with channels 35, 36 .
To assign the fraction of double helices observed by pulse ESR to either conformers in equilibrium in the membrane or to a metastable state we incubated for 2 hrs at ~ 70°C and also compared samples prepared from TFE and CHCl 3 /Methanol solutions. Since we found that the ratio of spectral components corresponding monomers and DH dimers did not depend on the method of sample preparation, we infer that we obtained DH's in equilibrium with monomers This conclusion is in good accord with our CW data. Fig. 10 shows the dependence of the CW spectrum of GADL in DPPC on the GADL/DPPC ratio. One can see a substantial increase in the broad signal intensity. The fraction of the signal is substantially increasing (from <10% to ~ 66%) with an increase in the GADL/DPPC ratio from 0.1 to 2%. To determine its fraction the broad signal was approximated with a Gaussian singlet. As seen in fig. 10c , subtracting the broad signal from the initial GADL/DPPC signal gives reasonably good approximation for the signal for the 1:19 GADL/GD mixture in DPPC and a flat baseline. The broad signal fraction F was estimated from the double integrals for the broad Gaussian and the initial spectrum. Note that the fraction of the broad signal does not change upon sonication, which is a proven approach to obtain GA/membrane samples in thermodynamically stable form 67 .
Since there are no HHDs in DPPC, (they cannot be detected for GASL -so GADL with impaired channel forming capacity certainly does not form them) the signal can be attributed either to aggregation of monomers or to double helices. However, both single labeled analogs of GADL, GASL and GALN, do not show any conspicuous broadening effects under the same conditions. This indicates distances between N-termini -N-termini or Ctermini -C-termini of at least 20Å and therefore the broad signal cannot be explained by parallel DHDs. To assign the broad signal to aggregation one might suggest some kind of head-to-tail pattern in the aggregates of GADL monomers with a close N-terminus -Cterminus proximity. However, this possibility can also be ruled out. Our polarity data indicate that the N-terminal spin label (GALN) is located in the hydrophobic part of the membrane, whereas the C-terminus (GASL) is more exposed to the water phase (the corresponding 2A zz values at 77K are 66.9 and 70.6G for the 0.1% peptide/lipid ratio). Besides, gramicidin in DPPC at low concentrations (<0.1% GA/DPPC ratio) already exists in aggregates 29, 38 and any further increase in concentration should not substantially affect the spectra. On the other hand, for DHDs (PDB:1ALZ) MMD simulations show close proximity (~ 9Å) between the N-and C-terminal spin labels of different GADL monomers ( fig 3A) . Based on this evidence we assign the broad signal to the same antiparallel double helical structures that were detected by Pulse Dipolar ESR for GADL/unlabeled GA mixtures. When double helices exist in equilibrium with monomers DH ↔ 2M, then Comparing fractions of double helical dimers for 1.9% GD+0.1%GADL determined by pulse ESR and for 2% GADL in DPPC by CW ESR one finds that K is about twice as great for the latter. The discrepancy might be due to effects of the labels at the N-terminus which in the monomeric conformation could perturb the bilayer (compare to the effect of tryptophan residues discussed below) and thus cause some energy cost shifting the equilibrium towards DHs.
A fraction of double helical dimers also well qualitatively explains the change in CW spectra for the system GALN/GD/DPPC or GASL/GD/DPPC with an increase in total gramicidin concentration. (see Supporting Information).
Tryptophans and aggregation of DHDs
As follows from our results, the double helical form is always present in a mismatching lipid environment. Its presence can be directly detected for GADL by Pulse Dipolar ESR through the interspin distance fingerprint or inferred from CW spectra in the case of GASL or GALN. However, unlike HHD, single labeled gramicidin derivatives (GASL, GALN, TyrLGC) in the lipid membrane do not show distinct spin pairs with the interspin distance expected for the corresponding DH structure. It indicates a propensity of DHDs to aggregate. This aggregation could be caused by the tendency of tryptophan residues to get excluded from the hydrophobic part of the lipid bilayer and their specific affinity for a well defined site near the lipid carbonyl region at the membrane interface 58 . While for HHD all tryptophans can be located at the membrane surface, in DH conformations of GA they are distributed more evenly along the length of the dimer with Trp 9 and Trp 11 near the membrane center 26 . The energy cost of submerging the tryptophans in the middle of the membrane could be mitigated by aggregation, with stacking the tryptophan residues or locating them at the disordered vicinity of another GA molecule. The aggregation behavior of free GA monomers may be different in different lipid environment. However, for GALN in DMPC similar to described in Appendix of 29 experiments showed little signs of aggregation. This data implies that at least in some lipid environments monomers can exist as separate entities with a uniform distribution in the membrane plane.
CONCLUSIONS
Pulse Dipolar ESR spectroscopy and CW ESR were used to study the equilibrium of gramicidin conformations.
1.
Several new spin-labeled derivatives of gramicidin were synthesized.
The interspin distances of their monomeric and double helical (PDB:1ALZ) forms
were initially determined in octanol and TFE in order to recognize the forms in membranes.
3.
All spin-labeled variants of gramicidin studied are able to form HHD in matching membrane environments. However, for N-terminal substituted derivatives the propensity to form HHD's is substantially impaired.
4.
The interspin vector between two spin labels attached at different C-termini of the gramicidin channel is perpendicular to the membrane normal. The corresponding interspin distance is lipid dependent. It varies by ~ 3Å and shows systematic increase with an increase in hydrophobic mismatch.
5.
Non-channel forms, which include monomers and double helices, can be detected by ESR in mismatching lipid environment. There are indications that the monomers, which were for the first time reliably observed spectroscopically in a membrane environment, are similar to halves of the HHD.
6. Double helices (DH) appear from sample preparations in equilibrium with monomers and HHD. The DH form of studied spin labeled gramicidin derivatives detected by ESR in the membrane environment is an anti-parallel, most likely the ππ 5.6 left-handed dimer. The fraction of double helices changes in saturated lipids as DLPC≤DMPC≪DSPC<DPPC. While HHDs and free monomers, at least in some lipid environments, exist as separate entities, double helices tend to aggregate. For channel-forming lipids, such as DLPC and DMPC, the DH fraction is insignificant.
7.
In addition, we studied the effect of N-terminal substitution in the GA molecule upon channel formation.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Sequences (from N-to C-terminus) of Gramicidin A, Gramicidin C and their chemical modifications used in this work.. The equilibrium of possible conformation states of gramicidin in phospholipid membranes includes HHDs (channels), free monomers and a number of double helical conformations. These conformational states may exist either as free entities or aggregates. CW spectra of GALN in different lipids, 77K. For DLPC the thick line shows 0.1% mol. GALN, dots 0.1% mol. GALN+1.9% mol. GD, thin solid line 0.1% mol. GALN + 1.9% mol. N, C-dibenzoyl GA. Spectra of GASL, GALN and GADL in the ISDU aligned DPPC, 20°C, 0° orientation. Doted curve shows a 1:1 superposition of GASL and GALN spectra. Dipolar DEER spectrum of 0.1% GADL + 1.9% unlabeled GD in DLPC and DPPC. The interspin distance can be estimated from the Pake doublet splitting as 70 .
Fig. 9.
Distance distribution P(r) for 0.1% GADL + 1.9% GD obtained by the Tikhonov regularization with the regularization parameter determined by the L-curve criterion 44 in different lipid environment. a) DLPC, b) DPPC, c) DMPC, d) DOPC, e) EYLlecithin. 
